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NATTIONAIL ADVISORY COMMITTEE FOR AERONAUTICS
TECHNICAL NOTE 3641

WIND-TUNNEL INVESTIGATION OF A NUMBER OF TOTAL-PRESSURE

TUBES AT HIGH ANGLES OF ATTACK

SUBSONIC, TRANSONIC, AND SUPERSONIC SPEEDS

By William Gracey
SUMMARY

The effect of inclination of the airstream on the measured pressures
of 54 total-pressure tubes has been determined for angles of attack up
to 60° and over a Mach number range from 0.26 to 1.62. The investigation
was conducted in five wind tunnels at the Langley Aeronautical Laboratory.

For simple, nonshielded tubes, the usable angular range was found
to depend on the external shape of the nose section, the size of the
impact opening (relative to the tube diameter), and the shape of the
internal chamber behind the impact opening. The best combination of
these design features (that is, a tube having a cylindrical nose shape,
an impact opening equal to the tube diameter, and a 300 conical chamber)
produced the highest usable range (about 28° at a Mach number of 0.26)
of any of the nonshielded tubes.

In cases where a usable angular range larger than #28° ig required,
a much higher range may be obtained with shielded tubes. The usable range
of a tube with a shield having a conical entry, for example, is about 410
at a Mach number of 0.26. Changing the shape of the entry of the shield
to a highly curved section increases the usable range to about #6309, the
highest of any of the tubes tested. The throats of these tubes were vented
through the walls of the shield, a design feature permitting end-mounting
of the tube on a horizontal boom.

For airspeed applications where it is not essential that the tube
have a large negative angle-of-attack range, the usable range may be
extended to higher positive angles of attack by means of a leading-edge
slant profile. For slant profiles up to 20°, the usable range at positive
angles of attack can be extended by about 1° for each degree of slant.

The effect of Mach number on both unshielded and shielded tubes was
found to be considerable. TFor most of the unshielded tubes the usable
range increased with Mach number, whereas that of the shielded tubes
decreased with Mach number.
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INTRODUCTION

The National Advisory Committee for Aeronautics has conducted a series
of wind-tunnel investigations to determine the effect of inclination of
the airstream on the measured pressures of s number of total-pressure
tubes through s wide range of angle of attack at subsonic, transonic, and
supersonic speeds. The results of these investigations have been reported
in references 1 to 6. This report summarizes these results and presents
the data in a form permitting a more detailed comparison of the effects
of the pertinent design variables.

These investigations were conducted for the purpose of obtaining
information which would lead to the design of rigld-type tubes capsble
of measuring total pressures correctly at high angles of attack and at
high speeds. The need for this information has arisen in recent years
because of the development of airplanes having the capability of maneu-
vering to high angles of attack at supersonic speeds and because con-
ventional tubes, both rigid end swiveling, are unsatisfactory under these
conditions. Conventional rigid tubes, that is, those with hemispherical
or ogival nose shapes, are unsatisfactory because the measured pressure
begins to deviate from the free-stream value at moderate angles of attack.
Swiveling tubes, on the other hand, are considered undesirable because
of the possibility of structural failure at high speeds.

Information needed for designing a tube which would be satisfactory
at high angles of attack at subsonic speeds has been available for some
time. In 1935, for example, Merriam and Spaulding (ref. 7) showed that
a tube could be made insensitive over a wide range of angle of attack
by making the impact opening a large percent of the tube diameter. During
the same year, Kiel (ref. 8) reported a design of a shielded tube which
read correctly to an angle of attack of about 350, Unpublished tests
by the National Advisory Committee for Aeronautics of this tube, however,
showed that the flow about the circular spindle on which the tube was
mounted caused the tube to vibrate so severely at a Mach number of
about 0.6 that the tube could not be used above this speed.

With this information as a starting point, the program for the
present investigation was formulated to investigate (1) various con-
figurations of simple, unshielded tubes having large impact openings
and (2) a design of a shielded tube in which the throat would be vented
through the wall of the shield and thereby eliminate the spindle mount
and permit the tube to be mounted on the end of a horizontal boom. In
addition, various conical-shaped tubes were included in the tests because
of their possible use as instruments to measure angles of attack and yaw
(ref. 9). Also, because of its widespread use in service operations,
an ogival-shaped tube was investigated. Although this particular tube
had already been tested at supersonic speeds (ref. 10), these tests were
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limited to angles of attack of 10°. Hemlspherical-shaped tubes, as
exemplified by the Prandtl tube, were not included in the present investi-
gation because they were known to be very sensitive to angle of attack '
(ref. 11).

SYMBOLS
A frontal area of shield (shielded tubes)
Ay vent area of shield (shielded tubes)
a distance from leading edge of total-pressure probe to face of

shield (shielded tubes)

d diameter of impact opening of tube

D body diameter of tube

Dy diameter of tube at face of conical tube

Do diameter of throat of shielded tube

Py total pressure of free stream

P’ total pressure measured by tube at o = o°

pt" total pressure measured by tube at o # O°

Opy total-pressure error (pt - py" at subsonic speeds; Pt' - Pt
at supersonic speeds)

P static pressure of free stream

qe' . indicated impact pressure (py - P aﬁ subsonic speeds; py' - P
at supersonic speeds)

M free-gtream Mach number

¢ angle of attack of tube, deg

v angle of yaw of tube, deg

B internal cone angle, deg

y slant profile angle, deg
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APPARATUS AND TESTS

Diagrams of the 54 total-pressure tubes which were tested during
the investigation are shown in figure 1. For purposes of comparison, the
tubes were divided into five groups on the basis of the external shape
of the nose section: cylindrical (series A), 15° conical (series B),
30° conical (series C), 45° conical (series D), and ogival (series E).
For convenience, the cylindrical tubes in series A have been divided
into two subgroups: A (nonshielded) and Ag (shielded). Tubes Ag-1,

Ag-2, Ag-3, and Ag-4 had body diameters of 3/4 inch so that they could

be tested in the test section of the Langley 9-inch supersonic tunnel
during the initial part of the investigation. All other tubes had body
diameters of 1 inch. The design of the various tubes in each of the five
series was varied as regards both internal shape and configuration of the
total-pressure entry. '

The investigation was conducted in five wind tunnels: +the 6- by
6-foot test section of the Langley stability tunnel, the Langley high-
speed 7- by 10-foot tunnel, the Langley 8-foot transonic tunnel, the
Langley 9-inch supersonic tumnel, and the Iangley 4- by 4-foot super-
sonic tunnel. For the tests in the ILangley stability, 9-inch supersonic,
and 4~ by L-foot supersonic tunnels, the total-pressure tube to be tested
was mounted on a special U-shaped swivel mechanism which was mounted on
the side wall of the tunnel. A typical installation is that of the
stability tunnel shown in figure 2. 'These U-supports were designed with
the axis of rotation in line with the leading edge of the total-pressure
tube in order that the total-pressure entry would remain at the same
point in the airstream for all angles of attack. The inclination of the
tube to the air flow was set by means of a control arm attached to the
U-support and located outside the tunnel wall. The angle of attack of
the tube was measured either on a circular scale attached to the control
arm or with a cathetometer located outside the tunnel. For those tests
in which angle of attack was measured by a scale, deflection of the
U~-support under air load was investigated and in each case was found to
be negligible.

For the tests in the Langley high-speed 7- by 10-foot tunnel and
8-foot transonic tunnel, the tubes were mounted on a bent sting adapter
attached to a sting support. The angular setting of the sting-coupling
combination was such that the leading edge of the tube remained in
approximately the same point in the tunnel for all settings of the tube.
The inclination of the tubes with this apparatus was set by means of a
remote~control mechanism and the angles of attack of the tubes were
measured by means of a cathetometer, The measurements of angle of attack
were made with the tumnnel operating in order that the effects of sting
deflection due to airloads might be eliminated.
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The various tubes were tested at one or more values of Mach number
between 0.26 and 1.62. TFor each test speed, the tubes were moved through
the angle-of-attack range (£45° for most tests but as high as 60° in some
cases) in increments of about 5°. For each setting of the tube, the
total-pressure error was determined by measuring the difference between
the total pressure registered by the test tube and a suitable reference
pressure. In most of the subsonic tests, a total-pressure tube fixed at
zero angle of attack and located in another part of the tunnel provided
the reference pressure. 1In the supersonic tests, the pressure in the
tunnel settling chamber was used as the reference pressure. For the
subsonic tests, the total-pressure error was determined directly as the
difference between the pressure of the test tube and the pressure of the
reference tube (Pt" - Pt)' For the supersonic tests, where shock formed
shead of the test tube, the total-pressure error was determined as the
difference between the pressure measured by the tube at a given angle of
attack and the pressure measured by the tube at zero angle of attack
(pt" - pt'). As this test procedure corrected, in effect, for the total-
pressure loss through the shock shead of the tube, the total-pressure
errors presented in this report for supersonic speeds are a function only
of changes in angle of attack and are therefore directly comparable with
the subsonic data. Estimated accuracies are as follows:

Tunnel Angle of attack, o, deg Mot fae!
langley stability 0.25 $0.002 at M = 0.26
Langley high-speed T- by 10-foot .25 {f 882 :: l;: : 8' 3
+,003 at M= 0.6
Langley 8-foot transonic .1 {i;OOl at M= 1.11
Langley 9-inch supersonic .1 +.002 at M= 1.62
+.00% at M= 1.61 (15 1b/sq in.)
~ by k- . I .
Langley 4~ by W-foot supersonic 2 {1:.007 at M= 1.61 (16 Ib/sq in.)

RESULTS AND DISCUSSION

The results of the tests of the 54 total-pressure tubes are sum-
marized in table I, which presents the range of insensitivity of each
of the tubes at Mach numbers ranging from 0.26 to 1.62.

The range of insensitivity as used in this report is a criterion
which has been chosen as a basis for comparing the performance of the
various tubes. It is defined as the range of angle of attack over which
a tube remains insensitive to inclination to within 1 percent of q'.

For convenience, another term, the sensitivity angle, is also used.

This is defined as the angle of attack at which the total-pressure error
reaches a value of 1 percent of gq.'. For symmetrical tubes the sensi-
tivity angle is half the range of insensitivity.
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An example of the basic data from which the sensitivity angle of
each of the tubes was determined is given in figure 3 for tube A-2. This
figure shows the variation of the total-pressure error Apt/qc' with

angle of attack for Mach numbers of 0.26 and 1.62. As defined by these
curves, the sensitivity angle is 23° at M = 0.26 and is 290 at M = 1.62.

It will be seen from figure 3 that the total-pressure error remains
zero up to a certain angle and then begins to deviate in a negative direc-
tion. 1In this case the sensitivity angle is determined by the angle of
attack at which the total-pressure error becomes -1 percent of ge'. This
variation of total-pressure error with angle of attack is typical for the
nonshielded tubes at all Mach numbers and for the shielded tubes at sub-
sonic and transonic speeds. 1In the calibration of one shielded tube at
supersonic speeds, however, the error deviated first to positive values
and then, at a higher angle of attack, began the normal deviation in a
negative direction as shown in figure 4, In this case the sensitivity

angle is determined by the angle of attack at which the error reaches
a value of +1 percent of gq.'. ’

Effect of Impact-Opening Size

The effect of varying the size of the impact opening (or more
specifically, the ratio of the impact-opening diameter d to the tube
diameter D) of three cylindrical tubes at M = 0.26 may be seen from
figure 5(a). This figure shows that the sensitivity angle increases with
increasing size of impact opening and reaches a value of 23° for the tubes
having impact openings of 0.96 and 0.98. Although the calibrations of
these two tubes (ref. 1) showed that the tube having the larger opening
was actually less sensitive to inclination at angles of attack above the
sensitivity angle, the differences were insufficient to produce a notice-
able effect on the values of the sensitivity angle.

The variation of sensitivity angle with impact-opening size for
tubes having a 30° conical nose section is presented in figure 5(b). As
in the case of the cylindrical tubes, the sensitivity angle is shown to
increase with increasing size of the impact opening.

The effect of varying the size of the impact opening for tubes
having 15°, 30°, and 45° conical nose sections is shown in figure 5(c).
In contrast to the data shown in figure 5(b), the size of the impact
opening in this case is defined as the ratio of the impact diameter d
to the diameter of the face of the tube Dj. The curves in figure 5(c)

show that for each of the three conical tubes the sensitivity angle
increases with increasing values of d/Dl, the rate of increase being

greatest for the 15° conical tube and least for the 45° conical tube.
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Effect of Varying the Shape of the Internal Chamber

The effect of the shape of the internal chamber on the character-
istics of cylindrical tubes having blunt leading edges can be shown from
a comparison of the sensitivity angles of tubes A-2 and A-5 at M= O. 26.
(See table I.) The design of these tubes was similar in leading-edge
shape, size of impact opening (0.98D), and depth of chamber (1.0D);
the tubes differed, however, in that the chamber of tube A-2 was cylin-
drical whereas that of tube A-5 was hemispherical. Comparison of the
sensitivity angles of the two tubes shows that the performance is improved
by changing the chamber from cylindrical to hemispherical and that the
10 '

% -

The effect of internal shape on cylindrical tubes having sharp
leading edges may be seen from a comparison of the sensitivity angle of
tube A-4 with that of tubes A-10 and A-11 (table I). These tubes are
alike in that each has an internally beveled leading edge but differ
in that tube A-4 has a cylindrical chamber (1.0D in depth); whereas
tubes A-10 and A-11 have conical chambers extending 1.15D and 0.90D,
respectively, behind the leading edge. Since the average depth of the
chambers of tubes A-10 and A-11 approximates that of tube A-4, an average
value of the sensitivity angles of tubes A-10 and A-11 should provide a
valid comparison of the relative merits of the two chambers. On this
basis, the sensitivity angle for the conical chamber would be 2k.5°, a
value which compares with 23 for the cylindrical chamber. The conical
chamber i1s therefore shown to be slightly superior to the cylindrical
chamber for M = 0.26.

magnitude of the improvement is about

The effect of varying the angle of the conical chambers in tubes
having cylindrical, conical, and ogival external shapes is shown in fig-
ure 6. For each of the five series of tubes the sensitivity angle
increased with decreasing angle for cone angles between 300 and 50°.

Tests of cylindrical tubes with cone angles less than 300, however, showed
that the sensitivity angle remains essentially constant for cone angles
below this value.

Effect of External Shape

The effect of external shape on the angle-of-attack characteristics
of total-pressure tubes may be determined by comparing tubes having the
same type of pressure entry in each of the five series. Such a comparison
may be made from figure 6, where data are presented for five external
shapes, each having conical chambers of 300, 40O, and 50°. It will be
seen from figure 6 that the sensitivity angles of the cylindrical tubes
are greater than those of any of the conical or ogival tubes. Of the
conical tubes, the sensitivity angle of the 15° tube is the greatest
and that of the L45° tube, the least. The sensitivity angles of the ogival
tubes approximate those of the 15° and 30° conical tubes.
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From the foregoing discussion it will be seen that the usable angular
range of simple nonshielded tubes depends on the external shape of the nose
section, the size of the impact opening (relative to the tube diameter),
and the shape of the internal chamber behind the impact opening. The best
combination of these three design features (a cylindrical tube having an
impact opening equal to the tube diameter and a 15° conical chamber) pro-
duced the highest range of insensitivity (£27.5° at M = 0.26) of any of
the nonshielded tubes.

Effect of Slant Profile

The effect of varying the slant of the leading-edge profile of a
cylindrical tube may be seen by comparing the calibrations of tubes A-2
and A-6 (fig. 7(a)). The range of insensitivity of tube A-2 is +23°
whereas that of tube A-6 is -13 to 32. Changing the profile from square
to a slant of 10° is shown to have the beneficial effect in shifting the
calibration of a square-ended tube along the angle-of-attack scale by 9.5°
‘'so that the tube remains insensitive to higher positive angles of attack.
The range of insensitivity of tube A-6 at angles of yaw was shown in
reference 1 to be 230 or the same as that of tube A-2 at angles of attack
and yaw. From tests of tube A-6 at angles of sttack combined with angles
of yaw (ref. 1), it is possible to define the complete boundaries within
which the tube will remaln insensitive to within 1 percent of the impact
pressure (fig. 7(b)). This figure shows that, for angles of yaw up to
159, the sensitivity angle of the tube is still as high (23°) as that of
tube A-2. It may be concluded, therefore, that a slant profile has the
effect of extending the range of insensitivity to higher positive angles
of attack (with V¥ = 0°) without loss in performance at either angles of
yaw (gith a = 0°) or at angles of attack combined with angles of yaw up
to 15%.

The effect of changing the slant of the leading-edge profile of an
ogival tube from 10° to 20° may be determined by comparing the ranges of
insensitivity of tubes E-2 and E-3. (See table I.) It will be seen from
these values (-1.5° to 11.5° for tube E-2 and 8.5° to 21.5° for tube E-3)
that the effect of increasing the slant angle from 10° to 20° is a shift
of the curve along the angle-of-attack scale by 10°. It would appear,
therefore, from the results of the tests of cylindrical and ogival tubes
having slant profiles that, for slant angles up to 20°, the sensitivity
angle may be extended to higher positive angles of attack by gbout 1° for
each degree of slant angle.

Effect of Venting of Shielded Tubes
The effect of venting Kiel-fype shielded tubes is shown in figure 8(a).

This figure shows that at M = 0.26 the effect of venting is considerable,
for the addition of a vent area equal to one-half the frontal area of the
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shield increases the sensitivity angle from 24° (for the no-flow con-
dition) to 38.5°. A further increase in the vent area to 1.0 times the
frontal area is not nearly as effective because the sensitivity angle in
this case was extended to only 41°. Increasing the vent area to 1.5 times
the frontal area produced a negligible further increase in the sensitivity
angle (1/2°).

The curve in figure 8(a) indicates that at M = 0.26 the throat
becomes choked when the vent area Av/Ao is somewhat less than 1.0.
Since the size of the vent area corresponding to the choked condition
decreases with increasing Mach number, a vent area of about 1.0 would be
satisfactory for Mach numbers above 0.26. In order that the vent ares
be large enough for Mach numbers below 0.26, a vent area Ay/Ao of 1.5
was adopted as a standard for the shielded tubes of this investigation.
A point of interest in this comnection is the fact that,. at least for
M = 0.26, the wall-type venting of these tubes was shown to be as effec-
tive as the type of venting of the Kiel tube (ref. 8).

Effect of Varying the Probe Position and the Throat
Diameter of Shielded Tubes

The effects of varying (1) the location of the leading edge of the
probe with respect to the leading edge of the shield (a/D) and (2) the
dismeter of the throat of the shield (Dp/D) were investigated by tests
of tubes Ag-5, Ag-6, Ag-T, Ag-8, and Ag-9. Tubes Ag-8 and As-9 were
the same as As-5, Ag-6, and Ag-T except for the throat diameter which
was increased from the Kiel standard of 0.5 to 0.591 (an increase
of 50 percent in the area of the throat). (Note that the increase in
throat diameter of tubes Ag-8 and Ag-9 was accompanied by a small
decrease in the angle of the entrance cone.)

The variation of sensitivity angle with varying probe position and
throat diameter 1s shown in figure 8(b). This figure shows that, for
this particular configuration and at M = 0.26, moving the probe forward
of the 0.5 position has a negligible effect on the value of the sensitivity
angle, whereas moving the probe to the rear decreases the sensitivity
angle by 1.2°. .The effect of increasing the area of the throat 50 percent
is shown to increase the sensitivity angle by about 2.5

Effect of Slant Profile on Shielded Tubes
The effect of varying the leading-edge profile of a shielded tube

by 10° may be seen by comparing the sensitivity angles of tubes Ag-5
and Ag-10 for M = 0.26 (table I). The probe position for each of
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these tubes was 0.500. The effect of the profile in this case was to
increase the sensitivity angle by 9.7°, which corresponds almost exactly
with the increase obtained with the nonvented cylindrical and ogival
tubes.

It had been thought that, in order for the tube with the slant pro-
file to be comparable with that of the standard Kiel design, the position
of the probe for the slanted shield should be moved rearward to a point
where the leading edge of the probe would be midway between the rear
of the cone and the point where the slant intersects the axlis of the tube.
It was for this reason that tube Ag-1l was tested with the probe located

at a/D = 0.544, The results of the tests of this probe position,
however, showed the sensitivity angle to decrease by 3.3° from the value
of the sensitivity angle with the probe at the 0.5 station.

In the tests of the shielded tubes with the slant profile the angular
range in the negative direction was insufficient to define the negative
sensitivity angle. From the tests of the nonvented cylindrical tube A-6,
however, it was shown that the range of insensitivity remains essentlally
constant when the profile 1s changed from square to a 10° slant. On the
assumption that the range of insensitivity of shielded tubes also remains
constant, the negative sensitivity angles of these tubes were estimated on
the basis of the range of insensitivity of tube Ag-5. These estimated
values are included in table T.

From the calibration of tube Ag-10 at angles of yaw (with a = 0°) at
M= 0.9 (ref. 3), the sensitivity angle was found to be 38°. This is
essentially the same as that of tube Ag-5 at M= 0.9. A 10° slant pro-
file on a shielded tube, therefore, exhibits the same characteristics as
those of a nonshielded cylindrical tube; that is, the sensitivity angle
is extended to higher positive angles of attack without loss in performance
at angles of yaw (a = 0°).

Effect of the Shape of the Entry of Shielded Tubes

The effect of varying the shape of the entry of shielded tubes will
be seen by comparing the results of the tests of +tubes Ag-5, Ag-12, Ag-15,
and Ag-16 at a Mach number of 0.26. For each of these tubes, the dimensions
a/D and Dp/D were the same (0.500). The entry of tube Ag-5 was conical
with a 14° angle whereas that of the remsining tubes was curved. The slope
of the entry of Ag-12 was 60° at the leading edge and O° at a distance 0.5D
behind the leading edge. The slope of the entry of tube Ag-15 was 30° at
the leading edge and O° at a distance 1.0D behind the leading edge. The
entry of tube Ag~16 is an adaptation of an NACA nose inlet, and the leading
edge of this tube was round whereas that of the remaining tubes was sharp.
The design of the tubes having curved entries was suggested by a report by
Moffat (ref. 12) of tests with small-scale shielded tubes designed for
engine and duct survey work.

la
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The sensitivity angles of tubes Ag-5, As-12, and Ag-15 at M= 0.26
are shown in figure 9 as a function of the internal cone angle of the
shield. (The sensitivity angle of tube Ag-16 was not included in figure 9
since its leading edge is round, whereas those of the other tubes were
sharp.) This figure shows the sensitivity angle to increase with an
increase in the cone angle and that the magnitude of the increase between
the 28° cone of the Kiel tube and the 120° angle of tube Ag-12 is 21.9°.
Thus, the sensitivity angle of a shielded tube may be increased by about
50 percent by changing the conical entry of the Kiel design to a curved
entry having a high degree of curvature.

The effect of varying the position of the probe in a tube having
a curved entry was investigated for positions a/D of 0.456 and 0.5L4
(tubes Ag-13 and Ag-1L4). The results of these tests (see table I) showed
the sensitivity angle to be affected to only a negligible extent for this
variation in probe position. :

When the results of the tests of the total-pressure tubes at subsonic
speeds are summarized, it will be remembered that the best of the non-
shielded tubes (aside from those having slant profiles) produced a range
of insensitibity of about #28°. For those cases where a usable angular
range larger than 128° is required, a much higher range of insensitivity
may be obtained with a shielded tube. The range of insensitivity of a
tube with a shield having a conical entry, for example, is #41° at
M = 0.26. Changing the shape of the entry of the shield to a highly
curved section increases the range of Insensitivity to about 1639, the
highest of any of the tubes tested.

Effect of Mach Number on Nonshielded Tubes

The effect of Mach number on the sensitivity of nonshielded tubes,
as based on the data at M = 0.26 and 1.62, is shown in figure 10. Tt
will be seen from this figure that, for those tubes in each of the five
series having conical chambers (for which d/D and d/D; = 1.0), the

sensitivity angles at supersonic speeds are appreciably greater than those
at subsonic speeds. The increase in the sensitivity angle for cylindrical

10 o .
tubes 1s ME to 6°, whereas the increase for conical and ogival tubes

is 8° to 10°. Tubes having relatively small impact openings, on the
other hand, were affected by Mach number to a lesser extent. The sensi-
tivity angle of cylindrical tube A-1, for example, showed nc increase
with Mach number, whereas the sensitivity angles for the 15° conical
tubes, B-2 and B-3, increased by about only L°.

The calibration of ogival tube E-2 at transonic speeds (ref. 5) is
presented in figure 11 to show the effect of Mach number on nonshielded
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tubes throughout the Mach number range. In order to extend this calibra-
tion to lower subsonic speeds, use has been made of the data of tube E-1
at M= 0.26. The design of these two tubes was the same with the excep-
tion that the impact opening d/D of tube E-2 was 0.43 whereas that of
tube E-1 was 0.32. The sensitivity angle of tube E-2 at M = 0.26 has
been estimated from that of tube E-1 by assuming the impact opening of
tube E-1 to be increased to 0.43. The rate of increase of the sensitivity
angle with impact-opening size of tube E-1 was assumed to be the same as
that of the conical tubes shown in figure 5(b). On the basis of these
assumptions, the sensitivity angle of tube E-1 was found to increase

from 16° to about 190, In order to estimate the sensitivity angle of

tube E-2 at M = 1.62, the assumption was made that the increase in
sensitivity angle of tube E-2 between M= 0.26 and M= 1.62 would

be the same as that of tube E-6 (9.5°). On this basis, the estimated
value for tube E-2 at M= 1.62 would be 28.5°. It will be seen from
figure 11 that the estimated sensitivity angles at subsonic and super-
sonic speeds are in good agreement with the linear calibration of tube E-2
through the transonic speed range. From these data it would appear that
the sensitivity angle of nonshielded tubes varies in a linear manner with
Mach number throughout the Mach number range from M = 0.26 to 1.62.

Effect of Mach Number on Shielded Tubes

The effect of Mach number on the sensitivity of four shielded tubes -
over a Mach number range from 0.26 to 0.9 is shown in figure 12, It
will be seen from figure 12 that the sensitivity angle of all the tubes
decreased with increasing Mach number, the magnitude of the decrease
varying from 3°© for tube Ag-5 to 6° for tube Ag-12. The variation in
sensitivity angle with Mach number of the tube with a shield having a
conical entry (Ag~5) was linear, whereas the calibration of the tube
with a curved entry (Ag-12) shows a bresk in the curve at M = 0.5.

The effect of Mach number on a shielded tube throughout the subsonic,
transonic, and supersonic speed ranges (up to M = 1.61) is given in
figure 13. As indicated by figure 13, the sensitivity angle remains at
a congtant value of 63° from M= 0.26 to M= 0.5,. decreases linearly
to 56° at M= 1.10, and then decreases further to LO° at M = 1.61.

The calibration of tube Ag-12 at Mach number 1.61 is presented in
figure L because it differs from the calibrations of this tube at subsonic
and transonic speeds in one important respect. At the lower speeds, the
total-pressure error remained zero up.to an angle of attack just below
the critical angle. Beyond this point, the errors became increasingly
negative. The calibration at M = 1.61, however, shows the error to
become positive at angles of attack below the range where the error
becomes negative. It is believed that the positive errors at angles of
attack between 34° and 55° results from the fact that, at angles of

(7%
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attack above BMO the tube no longer measures the total pressure behind
a normal shock but measures 1nstead the pressure behind an obligue shock
with higher total pressure.

From the preceding discussion it will be seen that the effect of
Mach number on the range of insensitivity of both nonshielded and shielded
tubes is considerable. For most nonshielded tubes, the range of insensi-
tivity increased linearly with Mach number, the increase amounting to as
_ much as 10° over a Mach number range of 0.26 to 1.62. The range of
insensitivity of shielded tubes, on the other hand, was found to decrease
with Mach number, and, in this case, the variation was nonlinear.

CONCLUSIONS

The more significant conclusions which may be drawn from the results
of the tests of 54 total-pressure tubes at angles of attack up to 60° and
over a Mach number range of from 0.24 to 1.62 are summarized as follows:

For simple, nonshielded tubes the usable angular range (or the range
of insensitivity arbitrarily defined as the angle-of-attack range over
which the total-pressure error remains within 1 percent of the impact
pressure) was found to depend on the external shape of the nose section,
the size of the impact opening (relative to the tube diameter), and the
shape of the internal chamber behind the impact opening. The best com-
bination of these design features, a cylindrical tube having an impact
opening equal to the tube diameter and a 30° conical chamber, produced the
highest range of insensitivity (about 28° at a Mach number of 0.26) of
any of the nonshielded tubes.

For airspeed applications where it is not essential that the tube
have a large negative angle-of-attack range, the usable range may be
extended to higher positive angles of attack by means of a leading-edge -

‘slant profile., For slant profiles up to 20°, the usable range at positive

angles of attack .can be extended by about 1° for each degree of slant.

The range of 1nsen31t1vity of a thin-walled cylindrical tube, for example,
was extended from 25 to 32 by a slant profile of 10°. The sensitivity
of this tube at angles of yaw and at angles of attack combined with angles
of yaw up to 15° was found to be no greater than that of a similar tube
without leading-edge slant.

In cases where a usable angular range larger than #28° is required,
a much higher range of insensitivity may be obtained with a shielded
tube. The range of insensitivity of a tube with a shield having a conical
entry, for example, is about #41° at a Mach number of 0.26. Changing the
shape of the entry of the shield to a highly curved section increases
the range of insensitivity to about 1639, the highest of any of the tubes
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tested. The throats of these tubes were vented through the walls of the
shield, a design feature permitting end-mounting of the tube on a
horizontal boom.

The effect of Mach number on both unshielded and shielded tubes was
found to be considerable. For most of the unshielded tubes the range of
insensitivity increased linearly with Mach number, the increase amounting
to as much as 10° over a Mach number range of 0.26 to 1.62. The range
of insensitivity of shielded tubes, on the other hand, was found to
decrease with Mach number. For the tube with the shield having the highly
curved entry, the range of insensitivity remains at a constant value
of #63° from Mach numbers of 0.26 to 0.5, decreases linearly to +56° at a
Mach number of 1.10, and then decreases further to 40 at a Mach number
of 1.61. :

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
langley Field, Va., January 17, 1956.
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TABLE T
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RANGE OF ANGLE OF ATTACK OVER WHICH TOTAL-PRESSURE TUBES REMAIN INSENSITIVE

TO INCLINATION TO WITHIN 1 PERCENT q.'

Range of angle of attack for Mach numbers of -

Tube
0.26 | 0.5 |o.6| 0.7 0.8 | 0.9 ‘0.95 Il.oo 1.05 |1.10 l 1.61' 1.62
Cylindricel tubes
A1 i1 11
A-2 23 129
A-3 123 129
AL 123 27.5
A-5 25.5
A-6 -13, 32 a.20, 38
A-7 | #28.0 132
A-8  |127.5 131.5
A-9 | F27.5 +30
/-~/ A-10 |t05.5
A-11 | 123.5
Shielded tubes
Ag-1 | 324
Ag=2 [138.5
Ag-3 [ #41
Ag-k | #1.5
Ag-5 |#41.3 1ho. kb +39.5 1+38.6
Ag-6 | th0.1
Ag-7 {441.5
Ag-8 |40 ,
Ag-9 | #h2.5
Ag-10 | 8-31.6, 51 8.30,7, 46.5
Ag-11 | a-32.5, W7.7
Ag-12 | ¥63.2 163.3 60.6 +57.1 56,6 | £57.0 | #56.3 | #55.7 | #40.0
" 15 | 465.8
Ag -1k | $63.8
Ag-15 | #51.4 5.5
Ag 16 | £53.9 50.6
159 conical tubes
B-1 %21 29
B-2 113 17
B-3 +10.5 1k
B-4 21 29.5
B-5 |#19 128.5
B-6 18 L 327.5
30° conical tubes
C-1 5.5
c-2 117.5
C-3 19
1) #10.5
c-5 |¥9
c-6 120.5 +28.5
c-7 8 28
c-8 7.5 27.5
45° conical tubes
D-1 |3k
D-2 19.5
Dp-3 |48
D-4 £15.5
D-5 +15 24,5
D-6 #13.5
Ogival tubes
E-1 116
E-2 21 |$21.5 | $22.2 | 22,8 123.1 | #23.5 |+23.8 |#2h.2
E-3 -1.5, 11.5
E-b 8.5, 21.5
E-5 |+19 328
E-6 +18.5
E-7 |#18

8Fstimated.
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tubes Ag-U4 to Ag-16 is 1.5.)

Figure 1l.- Diagrams of total-pressure tubes.
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Figure 1l.- Concluded.
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B /_I_Ii o
‘External shape
—_—— Cylindrical
—0— 15° Conical
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— 45° Conical
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d Y ﬁb\e
\e>
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Internal cone angle, B, deg

Figure 6.- Variation of sensitivity angle with internal cone angle for

cylindrical, conical, and ogival tubes.

M= 0.26.
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Total-pressure error, Apt/qc'
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(a) Variation of total-pressure error of cylindrical tubes having slant
profiles of 0° and 10°.

¥, deg

Angle of yaw,

30

~30

=20 0

Angle of attack, a, deg'

20

30

4o

(b) Limits of angle of attack‘and yaw to which total-pressure error is
within 1 percent q.'.

Figure T.- Total-pressure errors and sensitivity angles of cylindrical

tube having slant profile.

M= 0.26.
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Figure 9.~ Variation of sensitivity angle with angles of entry of shield
of three shielded tubes at M = 0.26. Tubes Ag~5, Ag-12, and Ag-15.
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Figure 12.- Variation of sensitivity angle with Mach number of four tubes
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